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Abstract. The development and construction of the Cherenkov Telescope Array (CTA) opens up new opportunities for the study
of very high energy (VHE, E > 100 GeV) sources. As a part of CTA, the ASTRI project, led by INAF, has one of the main goals
to develop one of the mini-arrays of CTA pre-production telescopes, proposed to be installed at the CTA southern site. Thanks
to the innovative dual-mirror optical design of its small-sized telescopes, the ASTRI mini-array will be characterized by a large
field of view, an excellent angular resolutioerrorn and a good sensitivity up to energies of several tens of TeV. Pulsar wind nebulae,
along with Supernova Remnants, are among the most abundant sources that will be identified and investigated, with the ultimate
goal to move significantly closer to an understanding of the origin of cosmic rays (CR). As part of the ongoing effort to investigate
the scientific capabilities for both CTA as a whole and the ASTRI mini-array, we performed simulations of the Vela X region. We
simulated its extended VHE γ-ray emission using the results of the detailed H.E.S.S. analysis of this source. We estimated the
resolving capabilities of the diffuse emission and the detection significance of the pulsar with both CTA as a whole and the ASTRI
mini-array. Moreover with these instruments it will be possible to observe the high-energy end of SNRs spectrum, searching for
particles with energies near the cosmic-rays “knee” (E ∼ 1015 eV). We simulated a set of ASTRI mini-array observations for one
young and an evolved SNRs in order to test the capabilities of this instrument to discover and study PeVatrons on the Galactic
plane.
INTRODUCTION
The Cherenkov Telescope Array (CTA) is ground-based facility project, which will observe the very high energy
(VHE, E > 100 GeV) γ-ray sky [1]. It will be an Imaging Atmospheric Cherenkov Telescopes (IACTs) instrument
with 10 times better sensitivity and improved angular resolution (see e.g. [2]), compared to the present IACT instal-
lations such as MAGIC, VERITAS and H.E.S.S. CTA is designed as an array of a large number of telescopes of 3
different types, comprising a few Large Size Telescopes (LSTs, 23-meter diameter), several dozens of Medium Size
Telescopes (MSTs with diameters of 10–12 meters) and ∼70 Small Size Telescopes (SSTs, 4-meter diameter). This
will allow us to perform observations in a wide energy range from a few tens of GeV to more than 100 TeV. The CTA
observatory will comprise two arrays, one in each hemisphere for full coverage of the sky.
As a part of the CTA project, a dual-mirror end-to-end prototype of the Small Size Telescope (SST-2M) is under
undergoing commissioning activities within the framework of the ASTRI project of the Italian Ministry of Research
and Education led by the Italian National Institute of Astrophysics (INAF) [3]. The prototype was recently inaugurated
in Italy (Mount Etna, Sicily) [4]. The innovative dual-mirror Schwarzschild-Couder optical design [5] implemented
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for the ASTRI telescopes allows us to reduce the size and the weight of the Cherenkov camera and to adopt silicon
photo-multipliers as light detectors. In cooperation with the Universidade de Sao Paulo (Brazil) and the North-West
University (South Africa), this project also foresees the construction of a mini-array of 9 ASTRI SST-2M units with
a relative distance of about 300 m (ASTRI mini-array). The ASTRI mini-array will possibly be one of the precursors
for the CTA southern array. An improved sensitivity above 10 TeV with respect to the current IACTs (∼2.5 times
better than that of H.E.S.S. at 30 TeV), together with an angular resolution of few arc minutes and energy resolution
of 10–15% will make the ASTRI mini-array a very promising facility for observations of bright known Galactic and
extragalactic objects at energies up to few hundreds of TeV. In addition, ASTRI mini-array will cover relatively large
area on the sky due to the ∼10◦ field of view of each dual-mirror ASTRI SST-2M telescope [6].
Pulsar wind nebulae (PWNe) and supernova remnants (SNRs) are very interesting targets for γ-ray observations
with IACTs. Such objects correspond to the most abundant classes of Galactic VHE sources. They comprise regions
where particles are accelerated up to relativistic energies. CTA and the ASTRI mini-array will be able to carry out
more detailed observations of these sources as compared to present generation of IACTs and will shed more light on
the problem of the origin of the Galactic cosmic rays (CR).
In this work we investigated the scientific capabilities of CTA and the ASTRI mini-array, simulating VHE obser-
vations of the Vela PWN and two SNRs – young RCW 86 and evolved W 28. Making a number of assumptions, we
examine resolving capabilities of these instruments observing extended sources such as the Vela PWN and SNR W
28, the detectability of the Vela pulsar. We also checked if the ASTRI mini-array will be able to discriminate between
hadronic and leptonic nature of the γ-ray emission from SNR RCW 86.
VHE SIMULATIONS
We perform simulations using different software packages such as ctools (see [7] and http://cta.irap.omp.
eu/ctools/) and ASTRIsim (for more details see http://www.iasf-milano.inaf.it/~giuliani/astrisim/).
CTA observations of the Vela X region are simulated with the software ctools, whereas the ASTRI mini-array simu-
lations of Vela X, RCW 86 and W 28 are carried out using an alternative package ASTRIsim, which is developed by
the ASTRI Collaboration.
The ctools simulations of the Vela X region are performed for the complete southern CTA installation (CTA-
South). This array contains 4 LSTs, 24 MSTs and 72 SSTs. Instrument response functions (IRFs) of CTA-South avail-
able at https://portal.cta-observatory.org/Pages/CTA-Performance.aspx are calculated using MC-
Prod2 simulations of a 50-hour observation of a point source with a flux of 1 Crab Unit (2.79×10−11× (E/1 TeV)−2.57
cm−2 s−1 TeV−1), located at 20◦ zenith angle and at the center of the field of view (see e.g. [8]). We use the tool
ctobssim to perform the simulations and obtain the event lists of the observations, whereas the tool ctbin – to
convert them into count maps. Residual maps are obtained using the tool csresmap. With this tool we subtract the
background modeled with ctmodel from the simulated sky-map. The tool csresmap was used with an algorithm SUB
(for more details see http://cta.irap.omp.eu/ctools/reference_manual/csresmap.html). The spectral fit
of the simulated data have been done with the ctlike tool in unbinned mode. Using ctlike we estimate also the
significance of each source in the model, performing a maximum likelihood analysis of the simulated CTA data.
We also used an alternative software ASTRIsim, developed for simulating the ASTRI mini-array observations.
ASTRIsim is a fast scientific software, which can simulate both point-like and extended sources. It is fully com-
patible with ctools and it makes use of IRFs computed by the full Monte Carlo code (e.g. [8]). It also includes
spectral analysis tools (see http://www.iasf-milano.inaf.it/~giuliani/astrisim/simulations/). As a
standard input, ASTRIsim can use the files from the TeV-spectra catalog available at http://www.iasf-milano.
inaf.it/~giuliani/astrisim/gsed/. We performed the ASTRI mini-array simulations using the IRF of the
configuration (Conf.) s9-4-257m, provided within the framework of the Sep 2014 Monte Carlo Prod2 DESY
package, site “Leoncito++”, available at http://www.cta-observatory.org/ctawpcwiki/index.php/WP_MC\
#Interface_to_WP_PHYS. The Conf. s9-4-257m represents an array of 9 dual-mirror SSTs separated by 257 m.
IMAGING THE VELA X REGIONWITH CTA & ASTRI MINI-ARRAY
Vela X is a well-studied source, associated with the Vela pulsar (PSR J0835−4510) and to an extended relatively old
pulsar wind nebula (age &104 years [9]). The Vela pulsar was investigated in γ-rays with the Fermi-LAT [10] and
recently with the H.E.S.S. telescope (http://www.mpg.de/8287998/velar-pulsar). The Vela PWN was studied
TABLE 1. Parameters of the components contributing to the VHE γ-ray spectrum from the Vela X region.
Component Spatial model Type of the spectrum Spectral parameters
PSR J0835−4510 point source: power law NPSR = 19.4 × 10−14 cm−2 s−1 MeV−1
α∗ = 128.83◦, γ = 4.45
δ∗ = −45.18◦ E0 = 20 GeV
Vela X diffuse source: PLEC NX1 = 11.6 × 10−12 cm−2 s−1 TeV−1
circular region 65% of radio + γ = 1.36
(<0.8◦) 35% of X-ray Ec = 13.9 TeV
templates E0 = 1 TeV
Vela X diffuse source: PLEC NX2 = 3.3 × 10−12 cm−2 s−1 TeV−1
ring 65% of radio + γ = 1.14
(0.8◦-1.2◦) 35% of X-ray Ec = 9.5 TeV
templates E0 = 1 TeV
Isotropic Gaussian radial dominated by the cosmic-ray
background profile background
NPSR, NX1 and NX2 are the normalization factors. γ is the spectral index. Ec and E0 are the cut-off and scale energies, respectively.
at all wavelengths. Recent 53.1 h observations made by H.E.S.S. shows a complex morphology of this source at VHE
from 0.75 up to 70 TeV [11]. In contrast to previous H.E.S.S. studies [12], significant extended emission out of the
X-ray cocoon (“wings”) was found. This challenged the theoretical leptonic scenario (see e.g. [13]), which explains
multiwavelength emission from Vela X due to the presence of two population of leptons: (i) the first population of
energetic particles produces synchrotron X-ray and inverse Compton (IC) VHE photons inside the cocoon and (2)
the second population of low-energy particles produces synchrotron radio and GeV γ-ray photons due to IC outside
the cocoon (see e.g. [13, 14, 15]). Some models consider the emission of accelerated hadrons (pi0-decay) as the main
mechanism of the VHE emission from the cocoon (see e.g. [16]). Another problem is to explain the lack of variations
of VHE spectra measured by H.E.S.S. in the inner and outer parts of the Vela PWN. Future, more detailed spectral
and morphological investigations of Vela X with CTA and the ASTRI mini-array will be very important for improving
our understanding of this source and clarifying the nature of its broadband emission (leptonic or hadronic origin).
To simulate the VHE emission from the Vela X region, we define the spatial and spectral models of all sources in
this area of the sky (see Table 1). The Vela pulsar is simulated as a point source with a power-law spectrum obtained
from the analysis of the 5 years of the Fermi-LAT data at energies >10 GeV and extrapolated to the VHE range. To
define the spatial model of the extended Vela X emission, we created radio and X-ray templates, adopting archival
high-resolution observations of MOST and ROSAT telescopes obtained during the second Molongo Galactic Plane
Survey [17, 18] and the ROSAT All Sky Survey [19], respectively. Following Abramowski et al. [11], we assumed
that the VHE emission from the Vela PWN is produced by the same leptonic populations, which are responsible for
the X-ray cocoon emission and radio extended “wings”, and that the Vela PWN morphology can be approximated
by the superposition of the radio (65% in flux) and X-ray (35% in flux) spatial maps. We then select circular and
ring regions in both the X-ray and radio templates (for more details see Table 1 and [11]) and perform analysis of
the Vela PWN simulating circular and ring regions of our templates with different power-law with exponential cut-off
models (PLEC), which were obtained by H.E.S.S. in the 0.75-70 TeV energy range [11]. Parameters of all components
contributing to the VHE γ-ray spectrum from the Vela X region are listed in Table 1.
We obtained VHE residual maps of Vela X using simulations performed with ctools and ASTRIsim. The 50 h
observations of the Vela X region with the CTA-South array and the ASTRI mini-array are shown in Figures 1 and
2, respectively. Since the resolving capability of a typical IACT improves with energy, the emission from the Vela X
region was investigated in different energy ranges: E>0.04 TeV, >0.25 TeV and >1 TeV for CTA-South and E>1.6,
>10 and >50 TeV for the ASTRI mini-array. In Figures 1 and 2 we also smoothed residual maps according to the
different angular resolutions of the corresponding instruments. Smoothing radii adopted here are equal to the 68% of
the containment radii (r68) of the γ-ray point spread function (PSF) at the lower limit of the corresponding energy
ranges. For the CTA-South r68 = 0.19◦ at 0.04 TeV, r68 = 0.09◦ at 0.25 TeV and r68 = 0.05◦ at 1 TeV. For the ASTRI
mini-array r68 = 0.14◦ at 1.6 TeV, r68 = 0.06◦ at 10 TeV and r68 = 0.08◦ at 50 TeV.
The resulting significance S of the Vela pulsar detection with CTA-South during a 50-hour exposure is the
following: (i) S = 39.1 for E > 0.04 TeV, (ii) S = 13.9 for E > 0.1 TeV and (iii) S = 4.5 for E > 0.25 TeV. For higher
energies unrealistically long duration of observation is required for the significant Vela pulsar detection.
The Vela PWN will be detected (5σ) in about 10 min with CTA and in a few hours with the ASTRI mini-array. If
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FIGURE 1. VHE Vela X residual maps simulated with ctools assuming 65%-contribution from the MOST radio template and
35%-contribution from the X-ray template. The CTA-South IRF is used. The exposure time is 50 hours. Energy ranges are (a)
E > 0.04 TeV; (b) E > 0.25 TeV; (c) E > 1 TeV. x-, y- axes are the right ascension (RA) and declination (DEC) in degrees. The
4◦ × 4◦ field of view is centered at α0 = 128.75◦ and δ0 = −45.6◦. The color bars represent residual number of counts in the square
root scale. All maps are smoothed according to the size of the corresponding PSF (white circles). See text for details. Green circles
have radii of 0.8◦ and 1.2◦, respectively. The green cross marks the Vela pulsar position.
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FIGURE 2. Same as Figure 1 for the ASTRI mini-array (Conf. s9-4-257m, Mini-array) and for the energy ranges (a) E > 1.6 TeV;
(b) E > 10 TeV; (c) E > 50 TeV, simulated with ASTRIsim.
our assumption that the extended TeV emission from Vela X follows the radio filaments- and arcs- structure seen by
MOST is the right one, the quality of the CTA data will be such that high-resolution observations can confirm it. CTA
will help us to determine the contributions of the radio and X-ray populations to the VHE gamma-ray morphology with
an accuracy of a few percent. We also calculated significances of the radio and X-ray components, assuming different
contribution of corresponding populations of leptons. We obtained that these two components can be distinguished
with CTA, if the contribution from either the radio or X-ray population is more than 10% of the total VHE flux of
Vela X. Such detailed observations will improve our understanding of the nature of the Vela X extended emission. In
addition, CTA will significantly detect the Vela pulsar at VHE in a ∼50 h observation.
PEVATRON SEARCHWITH THE ASTRI MINI-ARRAY
We simulated the ASTRI mini-array observations of different SNRs, such as RCW 86 and W28, testing the capabilities
of this instrument to discover Galactic PeVatrons.
RCW 86 is a fairly young shell-type SNR (∼2000 yr), observed at all wavelengths. Non-thermal emission from
this SNR was detected in the radio and X-rays bands. The gamma-rays emission of RCW 86 was detected by the
Fermi and H.E.S.S. telescopes. Despite of a number of detailed investigations at GeV and TeV bands, the origin
(hadronic or leptonic) of γ-rays from this source is still under debate (for the most recent γ-ray studies see [20, 21, 22,
23]). As shown in figure 3, the obtained γ-ray data points are compatible with both the leptonic and hadronic models.
FIGURE 3. Simulated spectra of the SNR RCW 86 observed with the ASTRI mini-array in case if (a) leptonic (cyan line) or (b)
hadronic (magenta line) mechanism of the γ-ray origin dominates. ASTRI simulated data points are in the (a) black and (b) blue
colors. H.E.S.S. observational data points are in yellow (Hess 2016, from [23]). Fermi-LAT data shown as red points (Fermi 2014,
from [21]).
FIGURE 4. Sky-maps of the SNR W 28. (a) Simulated 200 h ASTRI mini-array observations, (b) H.E.S.S. 40 h observations from
[26]. The blue circle represents the SNR seen in radio.
The simulated observations show that the ASTRI mini-array can extend the measure of the spectrum up to 40 or 60
TeV, depending on the emission mechanism. The shape of the spectrum at such energies can distinguish both the two
models and measure the maximum energy of the particles currently accelerated by SNR RCW 86. At this scope we
simulated 200 h observations assuming leptonic and hadronic spectra for RCW 86. Results are shown in Figure 3. The
leptonic model deviates from hadronic simulated data by 5.7σ and vice-versa – by 4.2σ. We obtained that the ASTRI
mini-array will be able to discriminate between these two scenarios and (if hadronic) it can check the presence of PeV
cosmic rays (Ep ∼ 1015 eV).
W 28 is an evolved SNR (20 000–30 000 yrs), which is interacting with a giant molecular cloud (MC) system
of about 105 solar masses. These MCs shine in γ-rays from 100 MeV to ∼10 TeV as observed by AGILE, Fermi and
H.E.S.S. [24, 25, 26]. The spectra above 10 GeV of sources HESS J1801−233 and HESS J1800−240 (see Fig. 4) are
compatible with a power law of index 2.7. The modelization of this system involves CRs accelerated in the past by
the SNR and still present in the ambient due to a very slow diffusion of charged particles in this site. The observation
of this object in the range 10–100 TeV with good sensitivity can investigate the presence of CR with energy up to 1
PeV, testing the hypothesis that this SNR was a Pevatron in the past. We simulated the 200 h observation of W 28 with
the ASTRI mini-array. Spectrum and morphology are taken from H.E.S.S. observations [26]. We assumed that the
spots seen by H.E.S.S. are made by point-like sources. In Figure 4 we compare resulting sky-map with that obtained
with H.E.S.S. [26]. With better sensitivity, the ASTRI mini-array can continue investigation of this object at very high
energies (E > 10 TeV), studying the diffusion of CR far from the SNR shell (blue circle in Figure 4).
CONCLUSIONS
CTA will be a very powerful instrument for the investigation of sources such as PWNe and SNRs, which acceler-
ate particles to the relativistic energies inside our Galaxy. Better capabilities of CTA as compare to current IACTs
will allow us to perform more detailed spectral and morphological analysis of VHE sources, which can lead to the
understanding the origin of the Galactic CR.
Our simulations show that very promising early studies will be possible to carry out >10 TeV with the mini-array
of several ASTRI units. With unprecedented flux sensitivity of the ASTRI mini-array, observations of the Vela X
region can shed more light on the nature of its extended TeV emission. Measuring the spectrum of the SNR RCW 86,
we will discriminate between hadronic and leptonic scenarios. Finally, observing SNR W 28 with the mini-array we
can study the diffusion of CR far from the SNR shell.
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